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Edited by Ulf-Ingo Flu¨ggeAbstract Here, we present the characterization of a plant
NDPK exhibiting nuclease activity. This is the ﬁrst identiﬁcation
of a nuclease localised in the intermembrane space of plant mito-
chondria. The recombinant pea NDPK3 protein cleaves not only
supercoiled plasmid DNA, but also highly structured RNA mol-
ecules such as tRNAs or the 3 0UTR of the atp9 mRNA suggest-
ing that the NDPK3 nuclease activity has a structural
requirement. ATP inhibits this nuclease activity, while ADP
has no eﬀect. Furthermore, studies on NDPK mutant proteins
indicate that the nuclease- and the kinase-mechanisms are sepa-
rate.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Nucleoside diphosphate kinases (NDPKs) are enzymes that
catalyse the transfer of a phosphate between nucleoside tri-
and di-phosphates via a ping-pong mechanism involving a
conserved histidine. Although the NDPKs were long consid-
ered exclusively as house-keeping enzymes with a primary
function as equilibrators of the nucleoside pool, a multitude
of studies demonstrate additional functions in signalling cas-
cades and in the interaction and modulation of the activity
of other proteins [1,2].
Eight NDPK genes reside in the human genome (NDPK-H1-
NDPK-H8). NDPK-H1 is involved in tumour suppression
through its action as a DNase during Granzyme A induced
apoptosis [3]. NDPK-H2 is a proto-oncogene, which activates
the transcription of c-myc gene by binding to a nuclease hyper-
sensitive region (NHE) in the c-myc promoter [4]. Interest-
ingly, studies have shown that while binding, NDPK-H2 also
cleaves sequences within the NHE [5]. In addition, NDPK-
H-5, H-7 and H-8 have been shown to exhibit exonucleolytic
nuclease activity [6]. Nuclease activity has also been demon-Abbreviations: AIF, apoptosis-inducing factor; Endo G, endonuclease
G; IMS, intermembrane space; NDPK, nucleoside diphosphate kinase;
NHE, nuclease hypersensitive region; PCD, programmed cell death
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doi:10.1016/j.febslet.2007.06.062strated for bacterial NDPKs such as that of Escherichia coli
[7] and Mycobacterium turberculosis [8].
Three NDPK isoforms are found in plants. NDPK1 resides
in the cytosol, NDPK2 in the chloroplast stroma and NDPK3
in the chloroplast lumen and in the mitochondrial intermem-
brane space (IMS)/inner membrane [9–14]. In addition to their
nucleotide producing function, plant NDPKs have been impli-
cated in signal transduction events, e.g. in light response [15–
17]. It has also been shown that plant NDPK2 interacts with
two oxidative stress regulated mitogen activated protein ki-
nases [18]. However, the capability of the plant NDPKs to
cleave nucleic acid has not previously been addressed. In this
study, we investigate the nuclease activity of the recombinant
pea NDPK3 protein.2. Materials and methods
2.1. Expression and puriﬁcation of NDPK proteins
Proteins were expressed in E. coli as described in Johansson et al.
[19]. The His-tag was subsequently cleaved oﬀ using TeV protease
(Invitrogen), and eliminated by puriﬁcation on a His-trap column
(Amersham Pharmacia Biotech). The His-tag containing TeV protease
was also eliminated in this puriﬁcation. Puriﬁed, cleaved proteins were
equilibrated in 50 mM Tris–HCl, pH 7.4, 10% glycerol using PD-10
columns (GE Healthcare).2.2. Production of DNA substrates
pBluescript KS (Stratagene) plasmid was linearised by cleavage with
XhoI (Fermentas). The following oligonucleotides were synthetically
synthesized (Invitrogen). A: 5 0-AGGATTCATTTAGGAGCGCTC-
TTTTCATCCAACTCGAAATATCGTAAGATAAGAAAGATC-
3 0and B: 5 0-ATCTTTCTTATCTTACGATATTTCGAGTTGGATG-
AAAAGAGCGCTCCTAAATGAATCCT-3 0. Oligonucleotide A
was used as the single stranded DNA substrate. To produce the double
stranded substrate the A and B oligonucleotides were annealed by mix-
ing equal molar amounts of each oligonucleotide. The mixture was
heated at 80 C for 10 min, and then placed on ice. The annealed prod-
ucts were puriﬁed using the Qiagen gel puriﬁcation kit (Qiagen).2.3. Production of RNA substrates
tRNAAla or tRNAMet in vitro transcripts were synthesised under
conditions previously described [20]. A PCR product corresponding
to the 3 0UTR of the potato atp9 transcript fused to a T7 promoter
was used as template in the synthesis of a transcript corresponding
to the atp9 sequence from position +290 to +423 with respect to the
ﬁrst nucleotide of the start codon [21]. To obtain an a priori ‘‘unstruc-
tured’’ RNA substrate a Bluescript plasmid SK (Stratagene) linearised
with HindIII (Fermentas) was puriﬁed using the Qiagen gel puriﬁca-
tion kit (Qiagen). Transcription from the puriﬁed product was per-
formed using the MEGA script kit (Ambion), and the transcription
product was phenol extracted and isopropanol precipitated before use.blished by Elsevier B.V. All rights reserved.
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Two hundred and ﬁfty nanograms or 1 lg substrate was incubated
with 600 ng recombinantly produced NDPK3 at 30 C for 2.5 h in
the presence of 10 mM MgCl2. ATP (Sigma) or ADP (Sigma) were
added to the reactions as described in the text. All reactions were
run at least three times, using a minimum of two biological replicates
(batches of puriﬁed protein). Cleavage of pBluescript DNA was tested
in parallel to all other assays, in order to ascertain the activity of the
NDPK3 protein. Recombinant his-tagged Adenylate Kinase
(E.C.2.7.4.3), puriﬁed at the same time as the NDPK3 protein using
the same method, was employed as a negative control. Quantiﬁcations
of cleavage products in the gels were done using the Quantity One pro-
gram (BioRad, v. 4.5.0).M -    WT S69A H117D
2000 bp
oc
lin
superc
Fig. 2. Cleavage of plasmid DNA by NDPK3 mutants. 1 lg Bluescript
plasmid was incubated with 600 ng NDPK wt, S69A or H117D. M is
mass mix ruler (Fermentas),  indicates the absence of NDPK protein
and + indicates the presence of NDPK protein. Oc is opencirclar, lin is
linear and superc is supercoiled plasmids.3. Results
3.1. DNA cleavage by NDPK3
The nuclease activity of NDPK3 was investigated using an
in vitro cleavage system as described in Section 2. First, the
ability of NDPK3 to cleave and degrade a supercoiled plasmid
was tested. This experiment demonstrates that NDPK3 is able
to nick the plasmid, producing the open circular form (Fig. 1A).
Some cleavage of the open circular form into the linear form
was also observed, although this was not prominent in most as-
says (data not shown). The cleavage activity was found to be
dependent on incubation time and enzyme amount in a linear
fashion up to 2.5 h and 600 ng of enzyme using 1 lg substrate
(data not shown). However, NDPK3 is not capable to further
cleave and/or degrade the linear form of the plasmid
(Fig. 1A). Furthermore, we show that NDPK3 is unable to
cleave two small DNA molecules of 60 nucleotides, one single
stranded (ssDNA), and one double stranded (dsDNA, Fig. 1B).
3.2. DNA cleavage by NDPK3 mutants S69 and H117
We have previously carried out studies using two mutant
NDPK3 enzymes, H117D and S69A, which are devoid of ki-
nase activity [19]. The H117 residue is crucial as it mediates
the phosphotransfer in the kinase reaction, while the inactivity
of the S69 mutant was ascribed to its inability to form hexa-
mers [19]. In order to investigate whether similar mechanisms
are involved in the DNA cleavage activity of NDPK3 as inoc
lin
su2000 bp
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Fig. 1. Characterization of DNA cleavage. (A) Agarose gels showing 1 lg
showing 250 ng ssDNA and dsDNA. The substrates were incubated in the ab
NDPK batch was used in (A) and (B). M is mass mix ruler (Fermentas). Octhe phosphotransfer reaction we tested the ability of the
H117D and the S69A mutants to cleave supercoiled plasmid
DNA (Fig. 2). No diﬀerence in cleavage was observed between
the wild-type protein and the mutants in either case, indicating
that the NDPK kinase- and nuclease-mechanisms are separate.
3.3. Eﬀect of ATP on NDPK3 DNA cleavage
ATP has previously proved to be a potent inhibitor of
NDPK nuclease activity [5,7,8]. In order to examine the eﬀect
of ATP on the activity of the pea mitochondrial NDPK we
incubated the enzyme with pBluescript in the presence of
increasing amounts of ATP as well as ADP, which was used
as a control (Fig. 3). As expected ATP inhibited the activity
of NDPK, whereas ADP had no eﬀect. ATP inhibition is eﬀec-
tive even at low concentrations, as shown by the 64% inhibi-
tion caused by the addition of 1 mM ATP. A 100%
inhibition was obtained at 4 mM ATP.
3.4. RNA cleavage by NDPK3
The investigations of NDPK nuclease activity have to date
been limited to the area of DNA degradation, although studies
have demonstrated that NDPK can bind pyrimidine-rich RNAperc
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Fig. 3. Regulation of DNA cleavage activity by ATP and ADP. 1 lg
Bluescript plasmid was incubated with 600 ng NDPK protein in the
presence of 0, 1, 2, 3, or 4 mM ATP or ADP. Cleavage products were
separated on agarose gels. Error bars refer to standard deviation
between three biological replicates.
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also able to cleave RNA. For this purpose, three types of RNA
molecules were used; ﬁrst a single stranded RNA produced by
in vitro transcription from the cloning cassette of pBluescript
(‘‘random’’ RNA), second a transcript corresponding to the
3 0UTR of the mitochondrial atp9 mRNA, and third in vitro M      -      +            -      + 
 tRNAAla  tRNAMet
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Fig. 4. Characterization of RNA cleavage activity. Polyacrylamide gels sh
mitochondrial atp9 gene, (C) Arabidopsis tRNAAla and tRNAMet and (D) Ara
in the presence (+) of 600 ng of NDPK3. 2 mM ATP was used in D. M is u
Negative images of ethidium bromide stained gels are shown for clarity.synthesized tRNA molecules. Both the atp9 3 0UTR transcript
and the tRNAs have very highly folded secondary structures,
containing, e.g. predicted stem–loops [20,21]. The ‘‘random’’
RNA molecule was not cleaved by NDPK3 (Fig. 4A), whereas
incubation of NDPK3 with the 3 0UTR of the atp9 RNA mol-
ecule produced a speciﬁc cleavage pattern of about seven frag-
ments ranging from 35 nucleotides (nt) to 150 nt in size
(Fig. 4B). In addition, tRNAAla and tRNAMet were cleaved
by NDPK, yielding small fragments ranging from 20 to 45 nt
in size (Fig. 4C). Interestingly, ATP inhibited the cleavage of
tRNAAla (Fig. 4D), in agreement with results obtained using
plasmid DNA (Fig. 3).4. Discussion
In this study the ﬁrst evidence of a plant NDPK harbouring
nuclease activity is presented. We report that the pea mitochon-
drial NDPK3 cleaves a supercoiled plasmid substrate, but is
unable to cleave the linear counterpart as well as small ‘‘ran-
dom’’ DNA molecules (Fig. 1A–C). A similar scenario holds
true in regards to RNA (Fig. 4A–C) where highly structured
substrates (3 0UTR of atp9 mRNA and tRNAAla, tRNAMet)
are cleaved, while the ‘‘random’’ RNAmolecule remains intact.
Based on these ﬁndings we suggest that the actual identity of
the nucleic acid is of less importance for the cleavage speciﬁcity
of NDPK3, rather it is the secondary or tertiary structure of the80
40
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owing 250 ng (A) ‘‘random’’ RNA, (B) 3 0-UTR RNA of the potato
bidopsis tRNAAla. The substrates were incubated in the absence () or
ltra low range ruler (Fermentas). Arrows indicate cleavage products.
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esting to note that the NHE element, which has been exten-
sively studied as a substrate for the human NDPK nuclease
activity [4,7,8] forms a deﬁned secondary structure, the G-
quadruplex [23]. Indeed, the speciﬁc structure of the G-quadru-
plex has previously been suggested to be signiﬁcant for NHE
binding and/or cleavage by NDPK [4].
Plant cytosolic tRNAAla is naturally imported into mito-
chondria, while tRNAMet is cytosol-speciﬁc [20]. Consequently,
tRNAAla must cross the double mitochondrial membranes, as
well as the IMS where NDPK3 is located, in order to reach
the matrix. It is thus tempting to speculate that NDPK3 may
be involved in the regulation of the plant mitochondrial tRNA
import process by degrading, under particular circumstances,
cytosolic tRNAs on their way to the matrix side. However,
since both tRNAAla and tRNAMet were substrates of NDPK3
in vitro it is unlikely that this enzyme plays a role in the speci-
ﬁcity of the tRNA import process.
We have previously reported that the pea NDPK3 S69 resi-
due is crucial for its ability to form hexamers [19]. Here, we
show that this defect does not aﬀect the ability of NDPK3 to
cleave a supercoiled plasmid (Fig. 2). This result is in agreement
with previous studies, which have shown DNA binding to be
mainly associated with the dimeric form of NDPK [24]. Mesnil-
drey et al. also presented the NDPK dimers as the primary
DNA binding oligomeric form, and suggested that the variation
in ability between NDPKs from diﬀerent species to bind DNA
(i.e. single stranded pyrimidine-rich strands) is related to the rel-
ative stability of the oligomeric forms [25]. Also compatible with
earlier studies using NDPK-H2 [26,27], we report that the H117
residue is not crucial for the cleavage activity of NDPK3. Con-
clusively, NDPK3DNA cleavage is independent of a hexameric
stucture or a functional phosphorylation site at H117.
The ATP status regulates NDPK3 cleavage, with inhibition
at concentrations similar to those shown for NDPK-H2 [27].
There is conﬂicting information regarding the cell concentra-
tion of ATP, with some studies reporting numbers in the lM
range [28], and others in the mM range [29,30]. Complicating
matters further, the ATP concentration is likely to vary
between diﬀerent subcellular compartments inside the mito-
chondria, as well as between locations within a speciﬁc com-
partment. This could mean that NDPK3 encounters relatively
high ATP levels at some sites, which probably results in a com-
plete or near complete inhibition of nuclease activity. One such
place might be at the point of interaction with the ATP/ADP
translocator [31].
Interestingly, one of the earliest signs of programmed cell
death (PCD) is an impairment in oxidative phosphorylation
[32], in addition to a lowered ATP production [33]. IMS pro-
teins are released later during the course of PCD [34]. We sug-
gest that NDPK3 located in the soluble IMS could be
activated by a decreasing ATP concentration during plant
PCD, released from mitochondria and translocated into the
nucleus where it might nick nuclear DNA. This situation
would be similar to that of animals where two IMS residing
nucleases, endonuclease G (Endo G) and apoptosis-inducing
factor (AIF), are released during PCD [35,36]. In Arabidopsis,
nuclease activities with characteristics similar to AIF and Endo
G have previously been observed in the IMS compartment
[37], although the identity/-ies of the responsible protein/-s
have not yet been identiﬁed. The reported activities are exonu-
cleolytic, and can therefore not likely be ascribed to the nucle-ase activity of the Arabidopsis mitochondrial NDPK3.
Further investigations will elucidate the possible involvement
of the plant mitochondrial NDPKs in PCD.
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